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Summary  The  contribution  deals  with  the  strength  analysis  and  optimization  of  the  welding
robot mechanism  in  emergency  stop  state.  The  common  operational  positioning  of  the  welding
robot is  characterized  by  smooth  course  of  speeds  in  the  time.  The  resulting  load  does  not
differ signiﬁcantly  from  the  static  loading.  However  the  safety  requirements  given  by  the  norm
require the  ability  of  emergency  stop  function.  Since  the  course  of  speed  in  time  is  rather  steep
the higher  values  of  acceleration  and  thus  higher  excitation  force  is  expected.  The  dynamical
simulation performed  describes  the  response  of  the  robot  mechanism  in  the  form  of  stress
course in  time,  quantiﬁes  the  peak  values  of  the  stress  caused  by  the  dynamical  component  of
loading and  highlights  the  potential  risks  associated  with  this  phenomenon.
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HE  subject  of  the  work  is  the  welding  robot  mechanism.
he  mechanism  is  consisting  of  three  sliders  which  ensure
he  positioning  of  the  welding  device  in  any  directions.  The
elding  device  itself  is  mounted  to  the  upper  horizontal
lider.
The  welding  procedure  is  divided  into  two  steps.  Firstly,
he  positioning  of  the  welding  device  is  realized  by  trans-
ational  motion  of  all  three  sliders  in  three  directions.
econdly,  the  welding  process  is  performed  while  the  sliders
emain  still.
 open access article under the CC BY-NC-ND license
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Nomenclature
F  force,  N
F0 excitation  force,  N
t  time,  s
m  mass,  kg
b  damping  coefﬁcient,  kg/s
k  stiffness,  N/m
x, x˙ = v, x¨ = v˙ = a  deﬂection,  speed,  acceleration,
m,  m  s−1,  m  s−2
z, z˙ = vz, z¨ = v˙z =  az deﬂection,  speed,  acceleration
in  substitution,  m,  m  s−1,  m  s−2
A,  B,  C,  ϕ0 integration  constants,  m,  m,  m,  —
xstat static  deﬂection,  m
ı  decay  constant,  1/s
˝0 natural  frequency  (undamped),  1/s
˝  natural  frequency  (damped),  1/s
T  vibration  period,  s
v0 LHS initial  speed  (common  operational)  of  the
lower  horizontal  slider,  m  s−1
aLHS deceleration  (emergency  value)  of  the  lower
horizontal  slider,  m  s−2
v0 VS initial  speed  of  vertical  slider,  m  s−1
v0 UHS initial  speed  of  upper  horizontal  slider,  m  s−1
g  gravitational  acceleration,  m  s−2
fy yield  stress,  Pa
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The  course  of  the  system  response  stabilizes  after  theThe  time  change  of  speed  of  all  three  sliders  during  the
ositioning  before  welding  is  very  smooth  so  the  accelera-
ion  of  all  movable  parts  is  very  low.  Based  on  this  fact  the
inimal  increment  of  loading  due  to  the  dynamical  forces
an  be  expected  and  methods  of  statics  could  be  used  for
he  design  of  the  mechanism.
As already  mentioned  above  the  common  operational
tate  (i.e.  positioning  of  the  sliders)  of  the  robot  does  not
ause  higher  dynamical  loading.  The  opposite  is  the  case
hen  the  device  is  suddenly  stopped  due  to  the  emergency
top  function.  Emergency  stop  function  serves  for  the  imme-
iate  stopping  of  all  motions  in  case  of  any  danger,  e.g.
bstacle  in  the  motion  trajectory,  sudden  power  outage  etc.
arameters  of  the  emergency  stop  state  are  usually  deﬁned
y  the  norm  and  require  actions  in  very  short  time  periods
hich  can  cause  high  accelerations  and  forces  of  all  related
arts  and  consequently  signiﬁcant  inﬂuence  on  the  stress
tate  in  the  mechanism  body.  This  inﬂuence  and  its  conse-
uences  will  be  presented  on  the  emergency  stop  during
he  positioning  of  the  lower  horizontal  slider  of  the  welding
obot.
heoretical background
ynamic  properties  of  the  vibrating  system  can  be  evaluated
ased  on  its  response  on  the  step  change  of  the  excitation
orce  (Ondrouch  and  Podesva,  2012)  —  see  Fig.  1. During
his  step  change  the  external  force  F  suddenly  reaches  the
on-zero  value  and  this  value  is  further  hold  at  the  constant
evel.  The  response  of  the  vibrating  system  is  called  the  step
esponse.
i
n
rFigure  1  Step  change  of  the  excitation  force.
The  equation  of  motion  of  the  system  is
x¨ +  bx˙ +  kx  =  F0 (1)
r
 ¨ +  2ıx˙ +  ˝20x  =
F0
m
(2)
espectively.
Let  us  lead  in  the  following  substitution
 =  x −  xstat z˙ = x˙ z¨ = x¨ (3)
The  equation  of  motion  reaches  then  the  following  shape
z¨  +  bz˙  +  k(z  +  xstat)  =  F0 (4)
z¨ +  bz˙ +  kz  +  kF0
k
= F0 (5)
nd  ﬁnally
z¨ +  bz˙ +  kz  =  0  (6)
The  solution  of  the  last  differential  equation  can  be  writ-
en  as  follows
(t)  =  Ce−ıt sin(˝t  +  ϕ0) (7)
Using  the  substitution  mentioned  above  we  obtain
(t)  =  xstat +  Ce−ıt sin(˝t  +  ϕ0)  (8)
(t)  =  xstat +  e−ıt[A  cos(˝t)  +  B  sin(˝t)]  (9)
˙(t)  =  v  =  e−ıt[(B˝  −  Aı)  cos(˝t)  −  (A˝  +  Bı)  sin(˝t)]
(10)
Integration  constants  A  and  B  or  C  and  ϕ0 can  be  cal-
ulated  from  initial  conditions  corresponding  to  the  resting
nitial  state
 =  0.  .  .x(t  =  0)  =  x0 =  0,  v(t  =  0)  =  v0 =  0 (11)
Solution  of  Eqs.  (1)  or  (2)  respectively  is  then
(t)  =  xstat
{
1  −  e−ıt
[
cos(˝t)  + ı
˝
sin(˝t)
]}
(12)
This  function  is  called  step  response.  Its  graph  is  depicted
n  Fig.  2.nitial  excitation  at  the  value  x  =  xstat. However,  at  the  begin-
ing  before  the  vibration  stabilizes,  the  deﬂections  can
each  even  the  value  x  =  2xstat.
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TFigure  2  Example  of  step  response.
The  increased  value  of  the  deﬂection  during  the  step
change  of  the  external  force  affects  also  the  stress  state
in  mechanical  system.  This  fact  should  be  taken  into  the
account  while  designing  the  mechanical  systems  where  the
step  or  steep  change  of  the  excitation  force  can  appear  (e.g.
in  case  of  emergency  stop  modes,  etc.)
Geometry and ﬁnite element structure of
welding robot mechanism
The  geometry  of  the  welding  robot  (see  Fig.  3)  is  consisting
of  three  sliders  (lower  horizontal  slider,  vertical  slider  and
upper  horizontal  slider)  moving  in  three  independent  direc-
tions.  Each  slider  is  guided  in  the  rails  and  driven  by  the
stepper  motor.  The  whole  mechanism  of  the  welding  robot
is  ﬁxed  to  the  ground  at  the  lower  rail.  The  upper  horizon-
tal  slider  carries  the  welding  device.  The  remaining  parts
(platforms,  ladder,  boxes)  depicted  in  Fig.  3  are  not  impor-
tant  for  the  results  interpretation  of  the  dynamic  analysis
therefore  in  the  following  ﬁgures  these  parts  will  not  be  dis-
played.  However,  their  inﬂuence  on  the  dynamical  behaviour
of  the  robot  will  be  taken  into  account  in  form  of  mass  points
located  in  the  centre  of  gravity  of  the  substituted  part.
The  ﬁnite  element  structure  (see  Fig.  4)  is  consisting  of
238,210  solid  ﬁnite  elements  and  570,065  nodes.  The  overall
number  of  degrees  of  freedom  is  1,710,195.  As  it  can  be  seen
Figure  3  Geometry  of  the  welding  robot.
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(Figure  4  Finite  element  structure.
n  Fig.  4  the  density  of  the  elements  in  comparison  with  the
imensions  of  the  whole  structure  is  rather  low.  It  is  caused
y  high  demands  of  the  dynamical  ﬁnite  element  analysis  on
he  hardware  equipment  and  computational  time.
aterial properties
he  material  used  was  assumed  as  linear  elastic  with  follow-
ng  mechanical  properties
(i)  Material  type  S235,  yield  stress  fy =  235  MPa.
(ii)  Young’s  elasticity  modulus  E  =  210,  000  MPa.
iii)  Poisson’s  ratio    =  0.3.
The  plastic  behaviour  was  not  assumed  since  stresses
nder  the  yield  point  of  the  construction  material  are
equired.
nput quantities, initial and boundary
onditions
otice: The  simulation  of  the  dynamical  behaviour  of  the
elding  robot  in  the  emergency  stop  state  was  performed
y  authors  for  both  motion  directions  of  the  lower  horizontal
lider.  The  less  favourable  case  (concerning  the  stress  state)
ill  be  presented  here.
The  whole  simulation  is  expected  to  be  performed  for
ollowing  input  quantities:
(i)  Initial  speed  (common  operational)  of  the  lower  hori-
zontal  slider  v0 LHS =  +0.17  m/s.
(ii)  Deceleration  (emergency  value)  of  the  lower  horizontal
slider  aLHS =  3  m  s−2.iii)  Uniformly  decelerated  motion  of  the  lower  horizontal
slider  assumed.
iv)  Initial  speeds  of  the  vertical  and  upper  horizontal  slider
v0 VS =  v0 UHS =  0  m/s.
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SFigure  5  Boundary  conditions  applied.
(v)  The  whole  structure  is  ﬁrmly  ﬁxed  to  the  ground.
vi)  The  inﬂuence  of  gravity  forces  is  taken  into  account.
The  positive  sign  of  the  initial  speed  v0 LHS marks  the  ini-
ial  motion  of  the  lower  horizontal  slider  in  the  positive  y
xis  of  the  global  coordinate  system.
In  order  to  satisfy  all  mentioned  requirements  the  fol-
owing  initial  and  boundary  conditions  were  applied:
(i)  Whole  structure  was  subjected  to  gravitational  accel-
eration  g  =  9.81  m  s−2.
(ii)  Lower  horizontal  slider  was  subjected  by  speed  lin-
early  increasing  from  0  to  −0.17  m  s−1 within  the  time
0.0567  s which  corresponds  to  the  constant  decelera-
tion  of  aLHS =  3  m  s−2.
iii)  Bottom  part  of  the  lower  horizontal  rail  was  ﬁrmly  ﬁxed
to  the  ground.
The  time  period  of  0.0567  s  was  calculated  assuming  the
niformly  decelerated  motion  of  the  lower  horizontal  slider
nd  it  is  slowing  down  from  the  speed  0.17  m  s−1 to  the  rest.
Notice:  The  above  mentioned  applied  initial  and  bound-
ry  conditions  cause  in  fact  the  starting  up  of  the  lower
orizontal  slider  against  the  positive  y  axis  with  zero  ini-
ial  speed.  However  the  impact  on  the  construction  is  same
s  during  slowing  down  from  non-zero  initial  speed  to  the
est  in  the  direction  of  positive  y  axis.  This  realization  was
hosen  because  of  its  less  demanding  requirements  on  hard-
are  and  computational  time  (the  simulation  requires  less
imulation  steps).
All  applied  initial  and  boundary  conditions  are  depicted
n  Fig.  5.
nalysis settinghe  whole  analysis  was  assumed  as  time-dependent.  The
imulation  was  performed  in  commercial  ﬁnite  element  soft-
are  ANSYS  Workbench  15.  The  simulation  process  was
ivided  into  the  following  steps:
T
(
aigure  6  (a)  Stress  distribution  —  maximal  values.  (b)  Stress
istribution  —  maximal  values
(i)  Loading  of  the  construction  by  gravitational  accelera-
tion.
(ii)  Acceleration  of  the  lower  horizontal  slider  (excitation
of  the  system).
iii)  Keeping  the  construction  in  the  state  with  zero  accel-
eration  (system  response  expected).
The  particular  steps  were  not  performed  as  individual
imulations  the  result  of  each  step  was  incorporated  as
he  input  for  the  following  step  (Poruba  and  Szweda,  2013;
zweda  et  al.,  2013).
imulation resultshe  simulation  results  will  be  presented  in  the  form  of  HMH
Huber—Mises—Henky)  stress  distribution  in  the  construction
nd  its  course  in  the  time.
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Figure  9  Stress  distribution  —  optimized.Figure  7  Course  of  maximal  stress  in  time.
The  stress  distribution  in  the  structure  and  its  course  in
the  time  is  depicted  in  Figs.  6a  and  b  and  7.
It  can  be  observed  from  Fig.  6a  and  b  and  graph  (Fig.  7)
that  the  peak  stresses  in  the  structure  reach  and  overcome
the  yield  stress  235  MPa  of  the  structural  steel  S235  which
is  the  construction  made  of.  The  highest  value  of  the  HMH
stress  was  reached  0.125  s  after  the  speed  of  the  lower  hor-
izontal  slider  stopped  changing.  From  the  graph  also  follows
the  oscillatory  nature  of  the  stress  what  was  also  described
in  the  theoretical  part  of  this  paper.
In  order  to  lower  the  maximal  stress  in  the  construction
under  the  yield  point  of  the  material  the  optimization  of  the
structure  must  be  performed.
Optimization
As  seen  in  Fig.  6b  the  highest  stress  was  reached  in  the  sur-
rounding  of  the  stiffening  plate  in  area  of  lower  rails.  It  can
be  deduced  that  the  capacity  of  the  lower  rail  construc-
tion  is  too  low.  The  increase  of  its  capacity  was  proposed
through  the  addition  of  more  stiffening  plates.  The  opti-
Figure  8  Optimized  geometry.
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ized  geometry,  the  stress  distribution  and  its  course  in  time
re  depicted  in  Figs.  8—10.
It can  be  observed  from  Figs.  8,  9  and  graph  (Fig.  10)
hat  the  peak  stresses  in  the  structure  does  not  reach  nor
vercome  the  yield  stress  235  MPa  of  the  structure  steel
235  which  is  the  construction  made  of.  The  highest  value
f  the  HMH  stress  of  96  MPa  was  reached  even  during  the
xcitation  phase  when  the  speed  was  changing  its  value.
rom  the  graph  also  follows  the  oscillatory  nature  of  the
tress  what  was  also  described  in  the  theoretical  part  of  this
aper.
onclusions
he  dynamical  analysis  of  the  welding  robot  mechanism  in
he  emergency  stop  state  was  performed.  On  the  base  of  cal-
ulated  results  the  original  design  was  optimized  in  order
o  reduce  the  stress  values  in  the  construction  caused  by
ynamical  loading.  The  optimization  process  was  realized
hrough  reinforcement  of  the  lower  horizontal  rail  by  higher
umber  of  stiffening  plates.  The  reduction  of  the  stress  was
uccessfully  reached;  the  maximal  stress  in  the  construction
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as  reduced  from  values  over  the  yield  point  of  construction
aterial  used  to  values  until  100  MPa.  From  the  graphical
epresentation  of  the  stress  development  in  the  time  its
scillatory  nature  was  observed.  This  is  in  accordance  with
heoretical  analysis  presented  in  this  paper.  It  can  be  stated
hat  in  case  of  the  problem  solved  and  presented  in  this
aper  the  peak  value  of  the  stress  is  approximately  30%
igher  than  the  stress  caused  by  static  loading.  This  must
e  taken  into  account  in  the  design  of  structures  where
he  signiﬁcant  dynamical  loading  is  expected.  The  danger
ies  in  possible  exceeding  of  the  yield  point  of  the  mate-
ial  which  could  cause  the  plastic  zones  or  rise  of  cracks,
r  in  oscillatory  nature  of  the  motion  after  the  excita-
ion  of  the  structure  which  can  lead  to  fatigue  loading,
specially  in  cases  where  this  type  of  loading  occurs  more
requently.onﬂict of interest
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